Over the past 3 years, a major effort has been made toward making a pavement management system (PMS) functional in Salt Lake City, Utah. As part of this effort, a geographic information system (GIS) was developed to enhance the existing PMS. The GIS-based PMS (G-PMS) developed for Salt Lake City is presented. G-PMS was written in MapBasic, the programming language of MapInfo, to provide pavement engineers at Salt Lake City with customized menus and pavement management functions. The G-PMS reads in the unified crack indexes based on the digital image processing algorithm, recommends the most appropriate maintenance strategies, and displays those strategies on a digital map. It also provides the functions to report estimated costs for each maintenance activity and conduct financial planning. The design and function of G-PMS are discussed in detail. G-PMS is being implemented for the public works department of Salt Lake City.
Maintaining the roadway infrastructure takes great amounts of time and money. Billions of dollars are invested annually on road maintenance to ensure the mobility of people and goods. However, deteriorating road conditions, increasing traffic loading, and shrinking funds have presented a complex management challenge to the maintenance and rehabilitation process. It requires evaluating pavement network conditions, deciding on maintenance strategies, setting rehabilitation priorities, and making investment decisions, which together make up a pavement management system (PMS). The purpose of implementing a PMS is to identify maintenance needs, control costs, allocate funding, support decision making, and maintain good pavement conditions under the constraint of limited funds.
PMS has become an important tool in quantifying overall needs and evaluating the consequences of budget constraints at many public agencies in the United States. Improvements have resulted in upgrading and automating of the existing systems to meet guidelines of the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA) and provide additional capabilities for system users. Recently, the public works department of Salt Lake City has made a major effort toward developing an automated PMS to collect, analyze, and manage pavement condition data.
Recent developments in computer hardware and software such as CD-ROM, digital camera, and image processing systems have enabled pavement condition surveys to be conducted much faster and more accurately than with the past manual visual inspection procedure. In addition, PMS can be enhanced with new features and functionality to perform pavement management operations and create maps of pavement condition by using a geographic information system (GIS). GIS technology combines textual data bases with digitized maps to enable the visual display of various data on a map. Because all pavement information is based on the spatial information such as location and address, GIS technology is having an increasing role in the development of new pavement management applications for state and local highway agencies.
This paper presents a GIS-based PMS (G-PMS) that was developed for Salt Lake City. Recently, a number of GIS developments in pavement management have been reported. A series of programs used for pavement management activities at the Texas Department of Transportation were enhanced to generate maps for highlighting substandard pavement sections (1) . A significant enhancement to all aspects of the PMS process has been made using the TransCAD software (2) . An interactive and graphical PMS recently was developed for the Illinois Department of Transportation (3).
In the Salt Lake City project, GIS technology was used to build a functional PMS. Several commercial GIS software packages with extensive data processing capabilities are available today. The one adopted for G-PMS is MapInfo 3.0 for Windows, developed by MapInfo Corp. of Troy, New York. By using the MapInfo package programming language called MapBasic, G-PMS is customized to read in the unified crack indexes based on the digital image processing algorithm, recommend the most appropriate maintenance strategies, and display those strategies on a digital map. The G-PMS can further provide detailed information on cost analysis for the recommended maintenance strategies and long-term pavement budget programming.
GIS IN PAVEMENT MANAGEMENT SYSTEM
GIS technology can be viewed as descending from two mature software technologies-data base management system (DBMS) and computer-aided design (CAD)-with the addition of specialized functions for managing and analyzing spatial data. Spatial data refers to any data that can be referenced to a geographic location. The power of GIS beyond that of traditional DBMS or CAD software is that it can capture and analyze the topological interrelationships of geographic objects such as highways, watersheds, and pipelines. These systems come with a graphical user interface (GUI) that allows data to be manipulated and displayed in a familiar visual context as maps. The attraction of current GIS technology is that low-cost powerful desktop computers and commercially developed GIS products have greatly lowered the initial costs for such a sys- tem, and more than 70 software products on the market are touted as being GIS.
Development of Geographic Information
A PMS relies on pavement condition information for planning, design, construction, operation, and maintenance. GIS technology is a new tool that can benefit the PMS that deals with spatial data. Government mandates such as ISTEA require municipalities to develop management systems for pavements, bridges, safety, congestion, public transportation, and intermodal facilities and equipment. GIS technology can be used to improve data sharing and cooperation among multiple government agencies at all levels.
A vast amount of data is required to characterize an entire pavement network, and the data are continuously being updated or changed as pavement deteriorates or is rehabilitated. A GIS can provide an integrated tool set for managing this information. Pavement component information can be stored in the GIS data base by location and attribute so that it can be inventoried and identified for maintenance. GIS can rapidly retrieve attribute data from the pavement data base and automatically generate custom maps to meet specific needs such as identifying maintenance locations.
The GIS software called MapInfo was used to develop G-PMS for Salt Lake City. It allows the user to extend the capabilities of the system by providing MapBasic, a fourth-generation language (4GL) that can be used to write custom menus or functions. 4GL technology enables end users to develop application programs rather than requiring specialty services. MapBasic provides full-featured programming tools with more than 270 statements and functions for developing G-PMS; it allows the user to take advantage of all of MapInfo's geographic data management capabilities.
PAVEMENT CONDITION SURVEY
G-PMS analyzes the pavement surface condition using a unified crack index concept. The severity levels of crack deterioration are represented using a unified crack index that is defined as the ratio of crack area to a sampled total pavement area using digital picture images of pavement surfaces.
The pavement condition survey was conducted to collect the pavement surface images using a digital camera mounted on a van. The public works department of Salt Lake City manages pavements on a block-by-block basis and assigns a unique number to each segment. Pavement segments are categorized by a zone. Only cracking distress was evaluated using the 5-ϫ 7-ft digital images that were taken at every 100 ft for each segment.
The digital images were collected with a digital camera and transferred into the CD-ROM using a Kodak CD writer. The image processing algorithms were developed to read the digital images in the CD-ROM, automatically process pavement images, and compute a unified crack index. The image processing algorithms divide each image into 140 tiles, in which each tile consists of 40 ϫ 40 pixels. To detect the amount of crack pixels, an optimal threshold value is based on the average gray value of each tile. The program then automatically counts the number of the cracked tiles and computes a ratio of the crack area for each pavement image. An example crack index output produced from the image processing system is given in Table 1 . It contains segment numbers for roads, directions for the lanes, number of tiles counted for each segment, total number of tiles on the image, and a computed unified crack index. This output is imported as a "table" to which MapInfo data bases are organized.
DEVELOPMENT OF G-PMS
G-PMS was developed to support the existing pavement management process in Salt Lake City. It recommends the most appropriate maintenance and rehabilitation strategy for each pavement section based on crack survey data. This final recommendation is then automatically saved in the pavement data base to be used later by G-PMS. G-PMS can also provide statistical information such as total area and cost for each maintenance activity and a long-term budget estimation for each maintenance zone.
Data Base Development
To develop a GIS-based PMS, a geographic data base-including spatial pavement features and attributes associated with each feature-should be established first. The spatial pavement features are classified with lines that indicate pavement surfacing. Pavement data on the map can be captured by digitizing each feature one by one or by using an electronic scanner to capture an entire sheet of features. Pavement data in the form of known coordinate values can also be captured by keying in the x-and y-coordinates.
In the G-PMS for Salt Lake City, this effort was reduced by using an existing digitized street map. Spatial street data in Salt Lake City were purchased from MapInfo Corp. These files contain geocoded information and street names for each line object. However, these data were not appropriate, in their original format, for developing G-PMS because there were duplicate data for the pavement segments. This problem was solved by editing the x-and y-coordinates in the data interchange format provided in the export function of MapInfo. Data interchange format is divided into a MapInfo interchange format (MIF) file, which contains the spatial coordinate data, and a MapInfo interchange data (MID) file, which contains the attribute data (Figure 1 ). MIF was made by using the concept of topology and GIS's topological data structures, which define the relative location of points, arc, and polygons to each other.
As shown in Part I of Figure 1 , "Line" command shows a straight line between two points and "Pline 3" command designates a polyline with more than two points. The attribute data were delimited by "," with one row per record. For example, as shown in Part II of Figure 1 , "S REDWOOD ROAD" is a street name, "300" is the beginning address, and "400" is the ending address. Each row in the MID file is associated with each line datum in the MIF file. Because both are ASCII files, they can be edited and are relatively easy to generate, and they work on all platforms supported by MapInfo.
For G-PMS, duplicate coordinate data in the MIF file were automatically truncated along the associated attribute data in the MID file. Line objects were manually combined and divided in order to be equivalent to the addresses of pavement segments. The edited MIF and MID files were then imported into the MapInfo platform and a new map was created. All information such as address, segment number, zone, functional classification, length, width, and area for each pavement section was constructed in the "browser" table of MapInfo, which contains the attribute information.
Since segment numbers of all pavement sections are unique with four-digit integers for only one line object in the map, the user can easily find the pavement section using the segment number. Since additional information such as shoulder, curb, gutter, drainage, and right of way can be updated into the existing table by using the segment number for a key of data linkage, various pavement information can be analyzed and processed on the map.
Customized Module Development
G-PMS consists of four major modules: (a) maintenance selection module, (b) report generation module, (c) alternative maintenance strategy module, and (d) long-term budgeting module.
Maintenance Selection Module
An overall flow chart of the maintenance selection module is shown in Figure 2 . The first step in the import and assignment function is to provide the user with the "enter the zone name" dialog box. After the user enters the zone code to be processed, the unified crack index file for that zone is imported into MapInfo as a table. An imported table is joined with the main attribute table file, which contains the spatial data and the attribute data for street features of Salt Lake City by exact matching. Exact matching is one data linkage method that can be achieved by matching the unique identification of both tables-for example, segment number for G-PMS.
Next, G-PMS asks the user to input crack index threshold values for five recommended maintenance activities-slurry seal, chip seal, overlay, reconstruction, and do-nothing-using the "crack index threshold for each maintenance strategy" dialog box ( Figure  2 ). The crack index threshold value for each maintenance activity is based on the experience of pavement engineers at the public works department of Salt Lake City. Typical threshold values for Salt Lake City are provided in the dialog box as default values; they can be changed easily by the user. The most appropriate maintenance activity is assigned to each pavement segment according to the unified crack index threshold values. 
Report Generation Module
The report generation module produces the colored maintenance activity map and statistics based on the recommended maintenance activities chosen from the maintenance selection module. This module can also determine the budget required to perform all recommended maintenance strategies for a total street network in Salt Lake City.
If the user selects this module in the menu, the "select a set of maintenance zones" dialog box is provided (Figure 3) . A total street network is divided into seven maintenance zones; maintenance activities are performed for one maintenance zone every 7 years. Figure 4 illustrates the maintenance plan from 1996 to 2002, with maintenance zones identified for each fiscal year. In the "maintenance cost per lane mile" dialog box, estimated unit costs of maintenance activities per lane mile (1 lane-mi ϭ 63,360 ft 2 ) are entered. After zone names and costs are entered for the pavement to return to the condition it was in right before the chip seal was applied, G-PMS displays the colored maintenance activity map that includes the recommended maintenance activities for each pavement section.
G-PMS then summarizes the result of the maintenance activities for a particular fiscal year. Total lane miles to be repaired are added and multiplied by the unit cost for each activity to calculate the estimated cost along with the average unified crack indexes.
Alternative Maintenance Strategy Module
The alternative maintenance strategy module was developed to allow the user to assign alternative maintenance strategies due to resource limitations. In Salt Lake City, about 60 lane-mi for slurry seal, 110 lane-mi for chip seal, 25 lane-mi for overlay, and 10 lanemi for reconstruction can be accomplished every year with the limited budget and manpower. Streets in Salt Lake City are categorized with the 11 functional classes given in Table 2 . In this module, a user can assign alternative maintenance strategies for each functional class given the limited budget and manpower ( Figure 5 ).
The first step in assigning an alternative maintenance strategy module is to choose the maintenance activity to be changed. A submenu is provided under this module for a user to select an alternative maintenance activity. After the activity is chosen, the total area for each functional class for that activity is calculated along with a dialog box ( Figure 5 ). The user selects the functional classes for alternative maintenance strategy shown in the pop-up menu. G-PMS then redoes the whole procedure following the user-modified alternative maintenance strategies.
Long-Term Budgeting Module
To develop a budget along with street network conditions, the following assumptions were based on the deterioration-restoration cycle and experience of pavement engineers in Salt Lake City.
1. If no maintenance activity is performed, cracks increase by 2.0 percent on pavements every year.
2. If a slurry seal maintenance activity is performed, the pavement is brought to 0 percent crack level and then deteriorates to its original condition in 3 years. For example, if the crack index value on a pavement section in 1995 was 9 and a slurry seal activity was performed in the same year, the crack index right after the slurry seal would be 0 percent and would increase to reach 9 in 1998. In this case, cracks increase by 3 percent every year on the pavement that is repaired with a slurry seal.
3. If a chip seal maintenance activity is performed, it takes 5 years for the pavement to return to the condition it was in right before the chip seal was applied.
4. If an overlay maintenance activity is performed, it takes 15 years for the pavement to return to the condition it was in right before the overlay was applied.
5. If a reconstruction maintenance activity is performed, it takes 40 years for the pavement to return to the condition it was in right before it was reconstructed.
If the user enters the fiscal year and zone codes shown in Figure 6 , G-PMS calculates the expected costs for the next 7 years following the procedure shown in the figure. 
G-PMS DEMONSTRATION
An example is presented to illustrate the operation of the G-PMS program. In this example, 10 zones such as CR, ER, ET, NI, NK, PI, PK, PP, RI, and RK in Salt Lake City are assumed to be repaired in 1996 based on the unified crack index. For example, the sections in the zone NK are updated with the surveyed crack indexes and are assigned with the recommended maintenance activities based on the crack index threshold values from the maintenance selection module as given in Table 3 . Table 4 presents the summary statistics such as total area, estimated cost, average crack index, and percentages of network for each maintenance activity. Figure 7 shows the maintenance thematic map for FY 1996. Pavement sections in the maintenance zones for FY 1996 are assigned with the most appropriate maintenance strategies.
As indicated in Table 4 , overlay and reconstruction areas are comparatively large, and all selected areas cannot be repaired because of the limited budget and manpower. Therefore, the alternative maintenance strategies were assigned by a pavement management engineer in Salt Lake City using the alternative maintenance module as given in Table 5 . The alternative maintenance strategies are shown in Figure 8 . Estimated maintenance costs for the next 7 years for the entire network of Salt Lake City are illustrated in Figure 9 .
SUMMARY AND CONCLUSIONS
Current efforts to make a functional PMS at Salt Lake City include developing an automated pavement crack survey procedure using a digital image processing system and developing a computerized In the future, G-PMS will be connected with other public utility data base layers in a main data base. Other modules (e.g., ride, rut, and structural indexes) can be developed and added to the current system to improve pavement condition analysis, deterioration modeling, and decision making in Salt Lake City.
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PMS for analyzing pavement condition and selecting pavement maintenance strategies. The current pavement crack measuring procedure has been automated to provide more consistent data for street maintenance and repair practices in Salt Lake City. The pavement distress analysis by the unified crack index concept as proposed by Lee (4) and Paterson (5) has been adopted as part of the automated pavement crack analysis procedure. G-PMS has helped to improve the current data base and decisionmaking process in Salt Lake City. The following benefits can be expected from its use:
• A complete inventory of paved streets with segment number, length, width, and area on the map;
• Simplified storage and retrieval of existing condition information of the roads;
• Updated pavement condition by crack index and recommended maintenance activities on the existing data base on the regular base;
• Ability to generate a map and to analyze the pavement condition of the large area;
• Guaranteed integrity of various types of data for pavement management;
• Justifiable budget requests to the controlling entity based on objective and factual data; and • Long-term maintenance budget programming involving the prediction of pavement conditions while maintaining the pavement conditions at a desirable level.
